Abstract Conceptually, it is useful to partition the three-dimensional tropical circulation into meridional and zonal components, namely, the Hadley and Walker circulations. The averaging involved in their definitions can introduce ambiguities. These problems can be circumvented by first partitioning the total vertical mass flux into components associated with overturning in the meridional and zonal directions, respectively, called here the local Hadley and local Walker circulations. Defining the local Hadley and local Walker circulations this way ensures the pair of two-dimensional overturning circulations can be added to give the original three-dimensional circulation, even when the averages are taken over limited domains. The method is applied to the vertical motion from the ERA-Interim reanalysis for the period 1979 to 2009. One important result is that the local Hadley circulation responds much more strongly to ENSO than the local Walker circulation, even though the local Walker circulation in the central Pacific weakens during El Niño years and strengthens and widens during La Niña years.
Introduction
Conceptually, it has proven to be very useful to partition the tropical atmosphere into two independent orthogonal overturning circulations. The first of these, the Hadley circulation, is commonly defined as the zonally averaged circulation [e.g., Hartmann, 1994] . The second, the Walker circulation, represents the zonal asymmetries in the tropical circulation. The Walker circulation is often, but not always, defined by the meridional average of the tropical circulation [e.g., Hartmann, 1994] , and its definition is often restricted to the tropical Pacific region [e.g., Julian and Chervin, 1978; Vecchi et al., 2006; Power and Smith, 2007; Tokinaga et al., 2012; L'Heureux et al., 2013] .
The Hadley circulation is thought of as the meridional response of the wind field to zonally averaged net heating in the tropics. It plays a central role in our understanding of the energy and water budgets of the Earth [e.g., Barry and Carleton, 2001; Trenberth and Stepaniak, 2003] . Likewise, the Walker circulation is thought of as the zonal response of the wind field to zonal asymmetries in the meridionally averaged net tropical heating. It is thought to be inextricably connected with the El Niño-Southern Oscillation (ENSO), a connection often expressed through the Southern Oscillation Index (SOI). Both the Hadley and Walker circulations are closely connected to the Asian and Australian monsoons. The huge importance of the Hadley and Walker circulations in our description and understanding of weather and climate has motivated numerous studies on their dynamics [e.g., Held and Hou, 1980; Gill, 1980; James, 1994] , their variability on interannual or interdecadal timescales [e.g., Oort and Yienger, 1996; Chen et al., 2002; Vecchi et al., 2006; Yu and Zwiers, 2010 ] , and trends in their position and strength [e.g., Quan et al., 2004; Mitas and Clement, 2005; Zhao and Moore, 2008; Hu and Fu, 2007; Stachnik and Schumacher, 2011] , including possible changes under enhanced greenhouse conditions [e.g., Lu et al., 2007; Seidel et al., 2008; Gastineau et al., 2009; Kang and Lu, 2012] .
The remainder of the paper is structured as follows. The method is outlined in section 2. Section 3 discusses climatologies of the local Hadley and local Walker circulations. The anomalies that develop in association with El Niño and La Niña are presented in section 4. This section examines also the relationship between these partitioned, orthogonal circulations and the more commonly used zonally and meridionally averaged definitions of the Hadley and Walker circulations. Finally, the key conclusions of this study are summarized in section 5.
Partitioning Into Zonal and Meridional Overturning Circulations
This section describes the method by which the vertical motion, and hence, vertical mass flux is partitioned into zonal and meridional overturning circulations. It will be shown that the atmospheric vertical motion in pressure coordinates can be written as the sum of vertical motion associated with overturning in the zonal direction and vertical motion associated with overturning in the meridional direction . The vertical mass fluxes associated with these two components will be referred to here as the local Walker circulation and the local Hadley circulation, respectively, although the definitions are different from those used by other authors. For example, Quan et al. [2004] define the local circulations through an empirical orthogonal function analysis.
A Variation of the Vector Method
The vector method developed by Keyser et al. [1989] is an objective method to partition a threedimensional irrotational flow into a unique pair of orthogonal, two-dimensional circulations, with both satisfying continuity independently. Keyser et al. [1989 Keyser et al. [ , 1992 and Reeder et al. [1991] , applied this method to fronts and cyclones on an f plane. In the present work, a variation of the vector method is reformulated in spherical coordinates and used to partition globally the vertical mass flux into zonal and meridional components (the local Walker and local Hadley circulations, respectively).
The continuity equation in pressure coordinates is ∇ 2 p + ∕ p = 0, where p is the pressure, ∇ p is the gradient operator along a pressure surface, and is a velocity potential, which defines the divergent (irrotational) part of the horizontal wind through div = ∇ p .
A potential function is defined such that = ∕ p, which, when combined with the continuity equation, yields
This expression is identical to the potential function defined by Eliassen [1962] and Keyser et al. [1989] (except the potential function is denoted in those studies). Equation (1) is a Poission equation which can be solved for given suitable boundary conditions.
Defining now the vector stream function = −∇ p allows equation (1) to be written as
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where points toward (away from) regions of ascending (descending) motion. From the definitions of div , , and , the divergent wind can be written in terms of the velocity streamfunction as
where u and u are the zonal and meridional components of the divergent part of the wind and and are the components of in the zonal and meridional directions, respectively.
From equations (1), (2), and (3) the vertical motion can be partitioned into the zonal and meridional planes as
where a is the radius of the Earth. Equations (3), (4), and (5) define two divergent circulations in orthogonal planes.
Continuity is satisfied independently in both the zonal and meridional directions since
and consequently, the vertical integral of the horizontal mass flux vanishes independently in each orthogonal vertical plane. The vertical motion is the sum of the vertical motion partitioned in the two orthogonal directions = + , and the upward mass fluxes associated with the zonal and meridional parts of the circulation are m = − cos ∕g and m = − cos ∕g,
respectively, where g is the gravitational acceleration.
Partitioning the three-dimensional overturning circulation into a pair of two-dimensional overturning circulations (u , ) and (u , ) is conceptually useful, objective, unambiguous, and especially beneficial if the circulations are averaged over a limited area as will be shown later. In the plots that follow the two-dimensional local Hadley circulation is portrayed by the vertical mass flux m and the divergent part of the circulation in the meridional plane (u , ). Likewise, the local Walker circulation is portrayed by the vertical mass flux m and the divergent circulation in the zonal plane (u , ).
Note that the formulation outlined above is different from the vector method described by Keyser et al. [1989] . In the original formulation the horizontal wind is first decomposed into its geostrophic and ageostrophic components h = g + ag , and then each component is subdivided into its rotational ( g,rot , ag,rot ) and irrotational (divergent; g,irr , ag,irr ) parts. (Here the terms rotational and nondivergent are used interchangeably as are the terms irrotational and divergent.) As the geostrophic wind is nondivergent, the irrotational component of the geostrophic wind vanishes and the irrotational part of the horizontal velocity is given only by the ageostrophic component. Hence, Keyser et al. [1989] write the horizontal wind as h = g,rot + ag,rot + ag,irr . In the present work, the horizontal wind is not separated into its geostrophic and ageostrophic components as the method is applied to circulations in the tropics. The horizontal wind is separated only into its rotational and irrotational components h = irr + rot , which can be rewritten as
where ( ∕ p) is the potential function, is the unit vector in the vertical, and s is a stream function. Helmholtz's theorem tells us that this decomposition is unique on a sphere.
Indices closely related to the local zonal and local meridional overturning circulations have been used previously in studies of the Asian monsoon [Webster and Yang, 1992; Oort and Yienger, 1996; Goswami et al., 1999] Overturning Index (ZOI) and Meridional Overturning Index (MOI) by Moore et al. [2004] , are defined by the difference in the divergent part of the zonal and meridional winds at 200 hPa and 850 hPa, the expressions for which are ZOI = u 200 − u 850 and MOI = u 200 − u 850 . The ZOI and MOI are related to the components of the vector but will not be used here. For reference, ZOI = ( 200 − 850 )∕ p and MOI = ( 200 − 850 )∕ p (using equation (3)). Replacing the vertical derivative with a simple finite difference approximation, using equations (4) and (5), and assuming the vertical motion at 850 and 200 hPa is small compared with that at 525 hPa (the center of the layer), gives m 525 = − p∕(2ag) (ZOI)∕ and m 525 = − p∕(2ag cos ) (MOI cos )∕ where p = 200 − 850 hPa. With these assumptions, the local Walker and local Hadley circulations are proportional to the zonal gradient of the ZOI and the meridional gradient of the MOI, respectively.
To conclude this section we note that several other studies have examined the zonal and meridional overturning circulations using the divergent part of the wind; these include Yu and Zwiers [2010] , Hagos and Zhang [2010] , and Hagos and Leung [2012] . However, only the present study shows how to decompose the divergent flow into two unique, orthogonal circulations that sum to the original divergent flow field.
Zonal and Meridional Averaging Over Restricted Intervals
This section examines the relationship between the averaged overturning circulations and the local overturning circulations, which are part of the definitions of the Hadley and Walker circulations. Of course, averaging in meridional and zonal direction obscures the highly regional nature of the local Hadley and local Walker circulations.
The Hadley circulation (as distinct from the local Hadley circulation) is defined as the zonally averaged circulation, where the average is taken around an entire circle of constant latitude. The zonally averaged mass flux is [m] , where the averaging operator is
Here A is any given variable, 1 and 2 are the initial and final longitudes, and Δ = 2 − 1 . In particular, [m ] is small compared with [m ] 2 1 even when the averaging is defined on a limited domain (see later section 3.2).
That the relative smallness of [m ] 2 1 is a consequence of the geometry of the sea surface temperature anomalies driving convection in the tropics can be illustrated by estimating the ratio between and under the assumption that cos is almost 1 near the equator, in which case equations (4) and (5) give
The typical dimensions of the tongue of anomalously cool or anomalously warm water in the eastern Pacific during ENSO events, Δ is of order 30
• and Δ is of order 100
• . In this case, | ∕ | ≈ 0.1. This simple scale analysis shows that is about one order of magnitude smaller than .
When averaging around an entire latitude circle, we omit the terminals 2 and 1 , simplifying the notation to need not vanish when the averaging operator is defined over a restricted domain. In this case, the average mass flux [m] 2 1 includes contributions from both and , which complicates the interpretation of the average circulation defined this way.
For reference, the commonly used mass-weighted meridional streamfunction [e.g., Hartmann, 1994] denoted here Ψ is related to the meridional component of the vector through the expression Ψ = −(2 a cos ∕g)[ ], where the zonal average is taken from 0 to 2 .
The Walker circulation (as distinct from the local Walker circulation) is defined as the meridionally averaged circulation, although in this case it is common to restrict the averaging interval to the low latitudes. The meridional average of the mass flux is
, where the averaging operator is now
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Here 1 and 2 are the initial and final latitudes and
, which vanishes when 2 = ∕2 and 1 = − ∕2 but is nonzero otherwise. It follows that when the Walker circulation is defined over a restricted latitude band, the vertical mass flux includes a contribution from the meridional circulation through the terms involving . In general, cannot be neglected, and hence < m > 2 1 makes a large, even dominant, contribution when averaging on a limited domain (see section 3.2). This is one of the key points motivating the analysis here.
For reference only, the relationship between the zonal component of the vector and the mass-weighted zonal streamfunction [e.g., Hartmann, 1994] is Ψ = −( a∕g) < >, where Ψ is the mass-weighted zonal stream function, and the meridional average is taken from − ∕2 to ∕2.
Henceforth, the meridional overturning circulation at a point or in a plane will be termed the local Hadley circulation, and the zonal overturning circulation at a point or in a plane will be termed the local Waker circulation. When the meridional overturning circulation and the zonal overturning circulations are averaged over an area, they will be referred to as regional Hadley and regional Walker circulations, respectively.
The regional Hadley (the zonally averaged local Hadley circulation) and the regional Walker (meridionally averaged local Walker circulation) circulations are defined as [m ] . Likewise, the contribution from the meridional overturning circulation to the meridionally averaged mass flux
Local Hadley and Local Walker Circulations
In this section the local Hadley circulation and the local Walker circulation are diagnosed from the ERA-Interim reanalysis [Simmons et al., 2011; Dee et al., 2011] with a horizontal resolution of 1.5
• and 37 vertical pressure levels for the period from 1979 to 2009.
Global Climatology
The time-mean local Hadley and local Walker circulations as defined by the meridional and zonal mass fluxes at 500 hPa are shown in Figures 1 and 2 , respectively, for December, January, February (DJF) and June, July, August (JJA). The present study is not the first to characterize the Hadley and Walker circulations by the vertical motion [e.g., Kumar et al., 1999; Trenberth et al., 2000; Wang, 2002; Tanaka et al., 2004] , although it is the first to partition the vertical motion and attribute specific parts to the Hadley and Walker circulations.
In both seasons, the local Hadley circulation (Figure 1 ) is characterized by zonally elongated bands of vertical mass flux, with ascent prominent in the tropics and subsidence prominent in the subtropics, reflecting the mean rainfall (not shown). The ascent is shifted toward the summer hemisphere, and the subsidence is more marked in the winter hemisphere. The main exception to this picture is in the equatorial eastern Pacific, where there is subsidence along the equator, extending southward into the extratropics. The region is bounded to the north by a band of strong ascent marking the Intertropical Convergence Zone (ITCZ) there.
In contrast to the time-mean local Hadley circulation, the bands of vertical mass flux comprising the time-mean local Walker circulation are mostly oriented meridionally (Figure 2) . Moreover, almost everywhere, the time-mean local Walker circulation is weaker, and its seasonal variation smaller, than the corresponding time-mean local Hadley circulation.
During Southern Hemisphere summer (DJF), the time-mean local Walker circulation (Figure 2a ) is most pronounced on the western sides on the Southern Hemisphere continents. The local Walker circulation is strongest in the eastern Pacific and South America, with ascent over the continent and subsidence over the adjacent ocean. Similarly, there are pronounced bands of subsidence over the Atlantic to the west of Africa and over the Indian Ocean to the West of Australia. These bands of subsidence are accompanied by ascent of the western side of Southern Africa and Western Australia. A pattern of alternating ascent and subsidence, most likely a consequence of the underlying orography, is located over the Rockies, the Middle East, and Asia. In both seasons the Hadley circulation comprises an ascending branch to the summer side of the equator accompanied by descending branches to the north and south. The branch in the winter hemisphere is more pronounced than that in the summer hemisphere. In JJA the downward mass flux in the Northern Hemisphere is extremely weak effectively making the Hadley circulation single cell [James, 1994] . The ascending branch of the Hadley circulation is wider and weaker during DJF and narrower and more intense during JJA. As mentioned in section 2.2, the contribution of the zonal overturning circulation [m ] vanishes when averaged zonally around the globe giving the textbook picture of the Hadley circulation [e.g., Hartmann, 1994; James, 1994] .
Regional Climatology
The principle advantage of identifying the local Hadley and local Walker circulations through the vector method is that it leads to a simple unambiguous way to calculate regional circulations. As an illustration, the regional Hadley circulation over the Maritime Continent (zonally averaged between 110 • E and 160 • E; box in Figure 1 ) [m ] 160 • E 110 • E and the regional Walker circulation (meridionally averaged between 10
• N and 35
are examined. The latter region is somewhat different from that typically used to define the Walker circulation (e.g., 5
• N to 5
• S, which is sometimes referred to as the equatorial Walker circulation [e.g., Bell and Halpert, 1998; Webster and Yang, 1992] , or 10
• N-10 Heureux et al., 2013; Krishnamurthy and Goswami, 2000] ). In the following, both < m > (Figure 3) . A clear double cell structure is found in DJF (Figure 4a ), whereas in JJA ( Figure 4b ) the single cell structure is apparent with the largest downward mass flux mainly in the midlatitudes. In contrast to the Hadley circulation (Figure 3) , the ascending branch of the regional Hadley circulation is broader in JJA than during DJF. The descending branch in the winter hemisphere is more pronounced than in the summer hemisphere. In JJA the descending branch comprises two maxima (see also Figure 1 ), the more southward associated with the descending branch of the regional Hadley circulation and the more northward is associated with the South Pacific Convergence Zone (SPCZ). These plots capture the annual shift in the position of the Hadley circulation and the influence of the Asian monsoon (JJA) and the Australian monsoon (DJF).
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• N and to the descent north of this latitude. In JJA there is a distinct contribution from the zonal overturning circulation to the upward vertical mass flux. Overall, however, the contribution from the zonal overturning circulation to the regional Hadley circulation is relatively small because the zonal overturning circulation itself is small. In contrast, as discussed below, the meridional overturning circulation contributes significantly to the regional Walker circulation, which is large compared to the meridionally averaged mass flux (see the scale analysis in section 2.2). ) attributable to the regional Walker circulation. The regional Walker circulation in the Pacific is the largest of the three, with ascent over the Maritime Continent and western Pacific Ocean and descent in the eastern Pacific. In DJF the cell in the Pacific is very pronounced, and the descent in the eastern Pacific Ocean is particularly strong. The regional Walker circulation in the Atlantic is intense but much narrower, whereas the regional Walker circulation in the Indian Ocean is relatively weak and most pronounced at the west coast of Australia. In contrast, in JJA, the regional Walker circulation in the Indian Ocean is much stronger and broader. The regional Walker circulation in the Atlantic is weaker, and the ascending branch of the Pacific cell is more distinct than the descending branch.
©2014. American Geophysical Union. All Rights Reserved. It is common to define the regional Walker circulation as a meridional average between 5
• S and 5
• N [e.g., and Halpert, 1998; Webster and Yang, 1992 ] (see Figure 6 ). In this case the regional Walker circulation (Figures 6a and 6b) is slightly different to that based on averaging between 35 (Figures 5a and 5b) , although the essential characteristics of the regional Walker circulations remain the same. However, the differences between < m > 
Bell
< m > 5 • N 5 • S• S to 10 • N < m > 10 • N 35 • S
ENSO and the Local Hadley and Local Walker Circulations
The previous section showed that the partitioning of the vertical velocity and, hence, the vertical mass flux can be achieved in an objective and unambiguous way using the simplified vector method. This method can be applied to a variety of problems, a particularly interesting one being variations in the local Hadley and local Walker circulations with ENSO, the largest mode of variability in the Pacific region.
In this section anomalies from the local Hadley and local Walker circulation climatology are calculated for periods of El Niño and La Niña. To do so, first the time series of the Southern Oscillation index (SOI), which was obtained from Australian Bureau of Meteorology (ftp://ftp.bom.gov.au/anon/home/ncc/www/sco/soi/ soiplaintext.html), was smoothed using a 3 months running average. The smoothed SOI of ±0.9 standard deviation was used to separate the ERAI data into El Niño (47 months), La Niña (51 months), and neutral (274 months) periods. Then seasonal averages were taken over these periods. In the following we focus on the El Niño and La Niña phases. Figures 7 and 8 show the mean anomalies at 500 hPa in the local Hadley and local Walker circulations in DJF and JJA for El Niño and La Niña periods, respectively. During El Niño events in DJF (Figure 7a ), the local Hadley circulation has a pronounced anomaly in the ascent over the central Pacific, with strong anomalies in the subsidence to the north and south of the ascent anomaly. There is a strong subsidence anomaly over the Maritime Continent, weakening the mean ascent in that region (Figure 1a) . The subsidence anomaly extends southeastward from the Maritime Continent across the South Pacific. In contrast, during La Niña events (Figure 7b ), the ascent in the local Hadley circulation increases over the Maritime Continent and South Pacific (Figure 1a) . The response over the central Pacific is both weaker and of the opposite sign to that during an El Niño. During El Niño events in JJA (Figure 7c ) there is also a positive anomaly over the central Pacific. The negative anomalies north and south of it are much weaker than in DJF. There is a band of anomalous ascent across the Pacific islands. To the west of this band the subsidence is enhanced. In JJA during La Niña, the signs of the anomalies are reversed, and the anomalies are generally weaker (Figure 7d ).
Global ENSO Climatology
The main response of the local Walker circulation to an El Niño is a meridional band of anomalous ascent in the central Pacific extending north and south along the eastern margin of the basin (Figure 8a ). There are more confined bands of anomalous ascent running from the Indian Ocean to the Middle East. A prominent band of anomalous subsidence runs from the Maritime Continent both northwest to the western part of the north Pacific and southeast across Australia and the South Pacific. The response of the local Walker circulation to a La Niña is less coherent than the response to an El Niño (Figure 8b ). There is generally anomalous ascent across the Maritime Continent, as well as the regions north and south of it, anomalous ascent in the Southwest Pacific, and anomalous subsidence in the longitudes of India as well as in the central Pacific. Thus, in agreement with Oort and Yienger [1996] , the local Walker circulation weakens during El Niño years and strengthens during La Niña years. In JJA during an El Niño (Figure 8c ), the distribution of the anomalies is very similar to that in DJF, although less coherent. There is an ascent anomaly in the central Pacific and a subsidence anomaly along the coast of South America and across the Maritime Continent. During a La Niña the picture of the local Walker circulation in the Pacific is less clear (Figure 8d) . A band of anomalous descent lies along the western Pacific in both hemispheres and a band of anomalous ascent in the Bay of Bengal, over the Maritime Continent, and along the South American coastline.
Perhaps the key point to emerge from this analysis is that the local Hadley circulation responds more strongly to an El Niño than the local Walker circulation. The probable reason for this difference in the response is that the region of warm sea water that drives El Niño is zonally elongated and, consequently, the temperature gradients in the meridional direction are larger than those in the zonal direction. This interpretation is consistent with the scale analysis given in section 2.2. Hence, the vector approach provides a viewpoint different from many introductory textbooks which portray ENSO as a change in the Walker circulation. From this perspective, ENSO should not be portrayed as a shift in the Walker circulation but rather a change in the Hadley circulation. Nonetheless, in the central and eastern Pacific, the local Walker circulation is strengthened during a La Niña and weakened during an El Niño.
Regional Hadley Circulation
The regional Hadley circulation response to ENSO over the Maritime Continent [m ]
is shown in Figures 9a and 9b . In DJF during both El Niño and La Niña periods the regional Hadley circulation has a typical two-cell structure with ascent along the ITCZ and descent on each side, with the winter cell being stronger. The ascending branch of the regional Hadley circulation is stronger and wider during La Niña consistent with increased convection. The extent of the descending branches is the same in both periods. The descending branch in the Northern Hemisphere shows marked differences. During El Niño the descent is weaker, and the maximum occurs at around 40
• N. During La Niña, this maximum in descent is stronger, and a second maximum occurs at about 20
• N and at higher levels.
The zonally averaged mass flux [m]
shows a very similar structure (Figures 9c and 9d ) to the regional Hadley circulation. The differences between circulations are small, as shown in Figures 9e and 9f which displays the contribution from the zonal overturning circulation [m ]
In JJA, the regional Hadley circulation over the Maritime Continent [m ] , kg m −2 s −1 ) to the vertical mass flux is shaded. In all plots the zero line is displayed as a thick black line. The maximum orography in this box is masked out.
periods but is slightly stronger during El Niño (Figures 10a and 10b) . The midlatitude Ferrel cell in the summer hemisphere is due to averaging on isobaric levels [see Holton, 2004] . In the winter hemisphere during El Niño there are two maxima in the descending branch of the regional Hadley circulation located close to one another. During La Niña, however, the two maxima in descent are more distinct. The equatorward maximum is related to the SPCZ, whereas the poleward maximum is related to the descending branch of the regional Hadley circulation. The contribution from the zonal overturning circulation [m ] 160 • E 110 • E (Figures 10e and 10f ) to the zonally averaged mass flux [m] 160 • E 110 • E (Figures 10c and 10d) is mainly positive throughout the whole domain, with its maximum in the region of ascent of the regional Hadley circulation. However, as in DJF, the contribution from the zonal overturning circulation is much smaller than the regional Hadley circulation, which results in a close resemblance of [m ]
Regional Walker Circulations
Vertical cross sections through the regional Walker circulations, defined by a meridional average from 35
• S to 10
• N (as in Figure 2 The regional Walker circulations are generally weaker in JJA than in DJF (Figure 12 ). During El Niño the regional Walker circulation in the Indian Ocean is the strongest, whereas those in the Pacific region and in the Atlantic are relatively weak (Figure 12a ). During La Niña, the region of ascent in the western Pacific and over the Maritime Continent remains in the same location as in DJF but intensifies, leading to a stronger regional Walker circulation in the Indian Ocean and in the Pacific (Figure 12b ). However, the regional Walker circulation in the Indian Ocean is still the most distinct. As in DJF, the meridionally averaged mass flux produces a much stronger regional Walker circulation (Figure 12c and Figure 12d ). The contribution from the meridional overturning circulation is, however, weaker in JJA than in DJF and larger in the regions of descent than in the region of ascent. When averaging between 5
• N, the contribution from the meridional overturning circulation is much stronger (Figure 12e and Figure 12f ). 
Conclusions
A firmer, more precise and unambiguous basis for the common and useful practice of partitioning of the three-dimensional tropical overturning circulation into the zonal and meridional circulations has been sought as, in the past, the methods used to partition these circulations have been mostly ad hoc. Using a simplified version of the vector method developed by Keyser et al. [1989] , the atmospheric vertical motion was partitioned into a component associated with overturning in the zonal direction and a component associated with overturning in the meridional direction. The mass fluxes associated with these two components were called the local Walker circulation and the local Hadley circulation, respectively. This analysis is based on the divergent circulation as it is associated with the vertical motion and hence convection. The analysis focused on the period 1979 to 2009. Partitioning the three-dimensional overturning circulation into a pair of two-dimensional overturning circulations proved to be conceptually useful and allowed for the decomposition of the divergent circulations in the zonal and meridional plane not only globally but also in specific regions. However, as the local Hadley and local Walker circulations were diagnosed from the ERA-Interim Reanalysis, the results must be treated with some caution as the accuracy of the divergent part of the circulation is uncertain, especially in the tropics.
The spatial pattern of the time-mean local Hadley circulation comprises localized, zonally elongated bands with mostly ascent in the tropics and mostly subsidence in the subtropics, although in the eastern Pacific the mass flux is downward along the equator and southward into the extratropics. The regions of ascent are shifted toward the summer hemisphere, while the regions of subsidence are more marked in the winter hemisphere. The patterns of vertical mass flux comprising the time-mean local Walker circulation are mostly oriented meridionally. Almost everywhere, the time-mean local Hadley circulation is stronger, and its seasonal variation larger, than the corresponding time-mean local Walker circulation. During DJF, the time-mean local Walker circulation is strongest in the eastern Pacific and South America, with upward mass fluxes over the continent and downward mass fluxes over the adjacent ocean. The time-mean local Walker circulation is prominent also through Asia and eastern Africa during JJA.
The local Walker circulation is stronger during a La Niña and weaker during an El Niño, especially in the eastern Pacific. However, the local Hadley circulation responds more strongly to an El Niño than the local Walker circulation, suggesting that an El Niño cannot be interpreted as simply a zonal shift in the Walker circulation.
The Hadley and Walker circulations (as distinct from the local Hadley and local Walker circulations) are commonly defined as the zonal and meridional averages of the overturning circulation, respectively. In defining the Walker circulation, the average is often defined over a restricted latitudinal band. It was shown that in this case, the vertical mass flux includes a contribution from the meridional overturning circulation. Nonetheless, defining the Hadley circulation by averaging over a limited region introduces only small errors as the contribution from the zonal overturning circulation is small. In contrast, the Walker circulation should not generally be defined by averaging over a limited region, as the meridional overturning circulation contributes to the definition of the Walker circulation. To avoid this problem the regional Hadley and regional Walker circulations were defined as the meridional and zonal averages of the local Hadley and local Walker circulations, respectively. The contribution from the meridional overturning circulation to the meridionally averaged mass flux becomes even more acute when averaging between 5
• N instead of 35 • S and 10
• N. This emphasizes the dependance of the result on the partitioning of the vertical mass flux as well as the region of averaging.
